Effects of doping on thermally excited quasiparticles in the high- Tc superconducting 

state 
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The physical properties of low energy superconducting quasiparticles in high- Tc superconductors 
are examined using magnetic penetration depth and specific heat experimental data. We find that 
the low energy density of states of quasiparticles of La2-a;Sri,Cu04 scales with [x — Xc) /Tc to the 
leading order approximation, where Xc is the critical doping concentration below which Tc — 0. The 
linear temperature term of the superfluid density is renormahzed by quasiparticle interactions and 
the renormalization factor times the Fermi velocity is found to be doping independent. 



In high- Tc superconductors (HTS), the low energy den- 
sity of states (DQS) is hnear due to the da;2_y2-wave 
pairing symmetryEl. This hnear DOS leads to a linear 
in-plane superfluid density (which is proportional to tim. 
inverse square of the magnetic penetratipn depth A^^^^ )a'EI 
and a quadratic electronic speciflc heatu at low tempera- 
tures. The experimental observations of these power-law 
temperature dependences provided some of the early ev- 
idence for the unconventional pairing symmetry and lent 
support to the Fermi liquid description of the high- Tc su- 
perconducting state. Exploring the physical properties of 
the low energy quasiparticle excitations is of fundamental 
importance for understanding the high- Tc mechanism. A 
central issue which is currently under debate is the na- 
ture of quasiparticle interactions arui iheir effect on the 
physics of the superconducting stateOij. Recently Mesot 
et alQ calculated the slope of the superfluid stiffness us- 
ing parameters obtained from angular resolved photoe- 
mission (ARPES) measurements for Bi2Sr2CaCu208+2: 
(BSCCO). They found that the renormalization factor 
to the superfluid stiffness is doping dependent and about 
a factor of 2 to 3 smaller than that for non-interacting 
quasiparticle systems. 

In this paper we provide further evidence for the exis- 
tence of strong quasiparticle interaction in the supercon- 
ducting state and present a detailed analysis for the low 
energy DOS and other fundamental parameters of HTS. 
We calculate the doping dependence of these parameters 
using high quality penetration depth and speciflc heat 
data and discuss an interesting correlation between an 
energy scale derived from the low temperature superfluid 
response and the normal state pseudogap. 

Let us first consider the low energy DOS of high- Tc 
quasiparticles N{uj). If we denote the linear coefficient of 
N{ll}) by ?7, then at low energies N{uj) is given by 



N{uj) 



•quo. 



(1) 



it can be shown that the slopes of A ^ and 7 at zero 
temperature are given by 
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T^o = 5.4?7fc|j, 



(2) 
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where 7 = Cy/T is the specific heat coefficient and 
vf is the Fermi velocity. /3 is a renormalization factor 
to the paramagnetic term in the superfluid densLfcy due 
to quasiparticle interactions or vertex correctiongj. For 
non-interacting quasiparticles /S,,^ 1, and Eq. ^ is the 
standard BCS mean-fleld resultoM. The above equations 
show that from experimental data of \ab and C„ , we can 
determine the values of two important parameters: the 
linear coefficient of DOS ry, and the product of the renor- 
malization constant and Fermi velocity (3vf- 

Figure 1 shows the experimental result of Tcd-y/dT 
at T =|-0|^as a function of doping for La2-2;Sra;Cu04 
(LSCOJlilM Note here we plot the product T^d'j/dT 
rather than d'y/dT since in an ideal BCS superconduc- 
tor with d-wave pairing, Tcd'y/dT(OK) is proportional to 
the charge concentration. We find that Tcd'y/dT{OK) 
increases monotonically with doping and the slope is 
smaller in the undcrdopcd regime than in the overdoped 
one. The value of 77 can be obtained from the data shown 
in Fig. 1. In the whole doping regime, we find that rj can 
be approximately fitted by 



1]: 



rjijx - Xc) +7?2(X -Xc^ 

Tc 



(4) 



Since the low temperature penetration depth and specific 
heat are governed by thermally excited quasiparticles, 



where Xc ^ 0.058 is approximately equal to the criti- 
cal doping concentration below which Tc = 0, 771 = 13 
mJ/{K'^kgmol) and 772 = 87 mJ / {K^k^mol) . For other 
high- Tc materials, the low temperature data for 7 gener- 
ally contain a significant contribution from magnetic im- 
purities and it is difficult, especially in the underdoped 



regime, to determine accurately the value of dj/dT{OK). 
However, from the data available we find that, within ex- 
perimental errors, the doping dependence of rj is similar 
to that shown in Fig. 1. 




X in La^Sr^CuO^ 

FIG. 1. Tcdj/dT as a fujiction 

of doping for La2_xSrxpii04. (Circles are from RefJij and 
diamonds are from Ref.t3.) The solid curve is a least square 
fit to the experimental data with rj given by Eq. (4) . 

Figure 2 shows the extrapolated experimental results 
oiTcdX~^/dT at OK as a functioMjaf doping, x, for LSCO 
and YBa2Cu306+:, (YBC0)t3|^H The magnetic pene- 
tration depth data for LSCO and the specific heat data 
of Loram et al shown in Fig. I were obtained from sam- 
ples of the same batch. The similar doping dependence 
in Tcd\~j^ I dT and Tcd'^ / dT indicates that it is indeed 
the thermally excited quasiparticles which are respon- 
sible for the low temperature thermodynamic response 
of HTS. Two sets of penetration depth data are shown 
for YBCO. One set comes from the|-e|e-|-susceptibility 
measurements of grain-aligned YBCOtil'llj and the other 
from microwave measurements of detwinned YBCO sin- 
gle crystalaia. The ac-susceptibility technique measures 
the effective in-plane penetration depth, Aab, whereas the 
microwave experiment measures the penetration depth 
along two principal axes, \a and A;,. In order to compare 
these two sets of data, we have converted the single crys- 
tal data to the effecti«e-in-plane penetration depth by 



assuming A^^ « AaAbEII'tj. The agreement between the 
two YBCO data sets is striking considering the difference 
in the type of samples and measurement techniques used 
by the two groups. For both LSCO and YBCO we find 
that within experimental errors TcdX^^^ /dT increases al- 
most linearly with doping. 
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FIG. 2. Tcd\-^/dT as 



function of doping for 



La2-xSrxCu04 (upper panel)li3 and YBa2Cu30(ttT[— {lower 
panel). In the loweij-Hpanel, circles are from RefJijO, and 
squares are from Ref.E3 . 

Using the penetration depth and specific heat data 
for LSCO we have estimated /3vf from the ratio of 
dX-^/dT and d-f/dT . As shown in Fig. 3, Pvp 
is almost doping independent and of the order 5 ~ 
6 X lO^cm/sec. If we assume that the Fermi velocity 
of LSCO is equal to tlnp FWvni velocity of BSCCO, i.e. 
VF = 2.5 X lO^cm/ sec,Nt3'ElH, Fig. 3 suggests that (3 is 
approximately equal to 0.2, a value much smaller than 
that for non- interacting quasiparticles where /? = 1. Ob- 
viously this estimate for /? is crude since the Fermi veloc- 
ity for LSCO may not be the same as that for BSCCO. 
Nevertheless, it indicates that the quasiparticle interac- 
tion is quite strong, in qualitative-agreement with the 
analysis of Mesot et. al for BSCCOp. Furthermarc, if vf 
in LSCO is doping independent as in BSCCOQ the re- 
sult in Fig. 3 suggests that (3 is also doping independent, 
which disagrees with the conclusions of Mesot et. al. for 
BSCCOQ. We see no apparent physical reason why the 
doping dependence of I3vf in these two high- Tc systems 
should be different. It is likely that the difference is just 
due to the experimental uncertainty. To clarify this prob- 
lem, more measurements of the doping dependence of the 
Fermi velocity and low energy DOS of quasiparticles for 



both systems are required. 
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olates to zero at a temperature Tq which has approxi- 
mately the same doping dependence and order of magni- 
tude as the onset temperature of the normal state gap. 
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FIG. 3. I3vf estimated from penetration depth and elec- 
tronic specific heat measurements for La2_xSrxCu04. 

Since Pvp for LSCO is approximately doping indepen- 
dent, the above results indicate that in the underdoped 
regime X J {0)-X-^{T) ~ {x-x,)T/T,. Experimentally, 



it wa|S_found that A^j, (0) is approximately proportional 
to TcEil, this therefore gives 



\t(o) 



r2 



-T, 



(5) 



where a is a doping independent constant. This equation 
holds only at low temperatures and low doping. However, 
if we extrapolate A^^ (T) to high temperatures using this 
equation, we find that A~j (T) becomes zero at a tem- 
perature To ^ T^/{x — Xc)- It is interesting to note that 
To has approximately the same doping dependence and 
order of magnitude as the temperature scale T* of the 
normal state gap obtained from tunnelling, ARPES, and 
other measuremcntsE3. If wc interpret To as the energy 
scale at which Cooper pairs begin to form and the differ- 
ence between To at T^ is due to the pair phase fluctua- 
tions this result seems to be consistent with the widely 
discussed phase fluctuation picturecJ. However, as both 
the XY order parameter fluctuations and the gauge fluc- 
tuations are important in the critical phase transition 
regime, this interpretation is not unique. Nevertheless, 
it suggests that from low temperature measurements of 
the superconducting state, one can also obtain informa- 
tion on phase fluctuations in the normal state. 

In conclusion, using low temperature experimental 
data of the magnetic penetration depth and electronic 
specific heat of HTS, we have estimated the effect of 
doping on the low energy DOS of quasiparticles and f3vF- 
Both Tcdj/dT and Tcd\~^ / dT are found to increase with 
increasing doping whereas (ivp is doping independent. 
The low temperature superfluid density A^^ (T) extrap- 
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